A method for direct and precise determination of Cd in seawater by ICP-QMS/QMS was developed, where a high matrix introducing unit permitted the direct introduction of seawater without clogging the cones while the matrix effect of seawater was canceled by standard addition. NH3 gas was selected as the reaction gas for removing the MoO interferences with the measurement of Cd isotopes, effectively improving the signal to background ratio. The lower limit of detection obtained at 114 Cd was 0.0002 ng mL -1 , which is enough for the determination of Cd in natural seawater. The validity of the present method was confirmed by the analysis of two certified reference materials, i.e. NASS-5 and NASS-6, whose observed values of Cd concentration agreed with the certified values. The analytical figures of merit of the present method were comparable to or better than those reported for direct analysis of seawater.
Introduction
Cadmium (Cd) is a notorious environmental pollutant related to itai-itai disease and is one of the hazardous heavy metals regulated by the World Health Organization (WHO). 1 Monitoring of the concentration of Cd in natural waters (including seawater) is required for environmental conservation. Inductively coupled plasma mass spectrometry (ICP-MS) is a powerful candidate instrument for Cd measurement because of its wide linearity covering 9 orders of magnitude and its high sensitivity capable for measurements at the pg mL -1 level. However, measurement of Cd in seawater is challenging even using ICP-MS because the salt content in seawater is approximately 3.5%. To the best knowledge of the present authors, only several studies have been conducted for the direct analysis of seawater by ICP-MS, [2] [3] [4] [5] [6] [7] and some techniques 7 failed to provide detection limits for measuring Cd in natural and unpolluted seawater.
In addition, the concentration of Mo in seawater is generally over 5 ng mL -1 , producing MoO + isobaric spectral interference affecting the precision of Cd + measurement. Mo has seven stable isotopes, i.e. 92 Mo, 94 Mo, 95 Mo, 96 Mo, and 98 Mo, whose oxide interfere with the measurement of cadmium isotopes, 108 Cd, 110 Cd, 112 Cd, 113 Cd, and 114 Cd, respectively. Instrumental separation of each Cd isotope from its MoO interference requires a resolution over 30000, which is difficult to achieve with traditional commercial high resolution (HR-) ICP-MS instruments. 116 Cd is the only Cd isotope whose measurement is not interfered by any MoO spectrum, but the relative abundance of 116 Cd is 1.25% and its measurement is interfered by 40 Ar2 36 Ar + . Therefore, high precision measurement of Cd in seawater should be carried out after MoO spectral interference correction, or after chemical separation prior to the measurement. Consequently, measurements of Cd in seawater are often carried out after chemical separation using solid phase extraction even in the present decade. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] In recent years, a novel ICP-MS with tandem quadrupole mass spectrometers (QMS/QMS) and an octopole reaction cell (ORC) system has become commercially available, which provides efficient chemical removal of oxide species interferences. 20 At the same time, a high matrix introduction (HMI) unit permits the direct introduction of seawater into the ICP-MS without clogging of the cones. The HMI unit is a connector between the spray chamber and the torch of the ICP-MS, where diluting argon gas can be introduced through an inlet on the HMI unit and suppresses the aerosol loading to the plasma.
In the present work, an approach for Cd measurement in seawater was suggested based on the following resolutions: HMI unit to permit the direct introduction of seawater; standard addition to cancel the matrix effect of salt content on the measurement of Cd; QMS/QMS with the ORC to separate the MoO spectral interferences from the Cd isotopes. Furthermore, flow injection was applied for the analysis of seawater to reduce the salt content loaded to the instrument. In the present experiment, various gases were investigated as the reaction gas for the removal of MoO spectral interferences from the Cd isotopes.
The present method was verified by the analysis of two seawater certified reference materials and applied to the analysis of a coastal seawater sample collected in Ibaraki Prefecture, Japan.
Experimental

Instrumentation
An Agilent 8800 type ICP-QMS/QMS was applied for the measurement of Cd isotopes and MoO signals. The operating conditions of the ICP-QMS/QMS are summarized in Table 1 . The ICP-QMS/QMS was operated at MS/MS mode with reaction gases. Helium, oxygen, and ammonia gas were investigated as reaction or collision gases for checking the capability to remove spectral interferences.
In order to lower the salt burden loaded to the ICP-MS, the measurement was carried out by flow injection. The flow injection system was constructed with a metal-free doubleplunger pump (NP-KX-2020U, Nihon Seimitsu Kagaku Co. Ltd., Tokyo, Japan) and a metal-free 6-port switching valve (MFV-6, GL Sciences Japan, Tokyo, Japan) with a 100-μL Teflon sample loop. The peak area of the signal intensities obtained by the flow injection analysis was calculated and used for the determination of the Cd concentration. Gravimetrical dilution of the sample was carried out in advance to the analysis using an electronic balance capable for precise measurement of the sample up to 200 g with a standard uncertainty of 0.0002 g.
Reagents and standard solutions
Seawater certified reference materials (CRMs) issued by the National Research Council (NRC) of Canada were analyzed to verify the validity of the present method. Single element standard solutions (Cd and Mo, 1000 mg L -1 each) guaranteed by Japan Calibration Service System were purchased from Kanto Chemicals Co. Inc. (Tokyo, Japan). Ultrapur ® nitric acid was also purchased from Kanto Chemical Co. Inc. Pure water used throughout the present experiment was prepared by a Milli-Q preparation system (Elix ® Advantage 5 and Milli-Q Advantage A10, Millipore Kogyo, Tokyo, Japan).
Calculation for standard addition analysis
Standard addition was applied in the present experiment to cancel the matrix effect of seawater. The calculation for standard addition analysis was carried out based on Eq. (1), following the previously deduction by the present author. 
In Eq. (1), csmp and cstd are the concentration of Cd in the sample and the calibration standard; mttl and mtkn are the mass of sample solution after dilution and that taken for dilution; r and f are the reproducibility factor of the measurement and the drift factor of the signal intensity; Radd and Rsmp are the signal intensity ratio in the standard-added sample and that in the initial sample; msmp and mstd are the mass of the sample and that of the calibration standard for making the standard-added sample; cblk is the procedure blank. Radd and Rsmp are the ratios of the signal intensity of 114 Cd (the measurand) to that of 98 Mo (the internal standard). The value of r is 1, while its standard uncertainty was calculated as the relative standard deviation divided by the square root of the number of measurements. The value of f is 1, while its standard uncertainty was obtained as the relative variation of the Rsmp before and after the measurement of the standard-added sample.
In order to obtain the lowest uncertainty for the measurement
, the concentration of Cd in the standardadded sample was over 2-fold of that in the initial sample. 21 For these purposes, a semi-quantitation analysis was carried out in advance to obtain the rough concentration of Cd in the sample.
Results and Discussion
Removal efficiencies of MoO spectral interferences using different gases as the reaction gas
In the present work, the measurement of Cd isotopes was carried out with the on-mass mode, which means that the m/z of the first QMS was identical to that of the second QMS. The MoO interferences were decomposed in the ORC. In order to achieve the best removal efficiency of MoO interferences, various gases were investigated as the reaction or collision gas. Optimization of the flow rate of each reaction/collision gas was carried out to obtain the best signal-to-background ratio for the measurement of 114 Cd, using a test solution containing 1 ng mL -1 of Cd and 100 ng mL -1 of Mo in 0.3 mol L -1 HNO3 for signal and a test solution containing 100 ng mL -1 of Mo in 0.3 mol L -1 HNO3 for background, respectively. The optimum conditions are given in Table 1 .
In order to compare the removal efficiency of MoO Cd measured) relative intensity were respectively plotted in Figs. 1(a) and 1(b), with He, O2, and NH3 as the reaction/collision gas. It is noted that the results of MoO/Mo obtained without any reaction/ collision gas was approximately equal to that obtained with He as the collision gas, which indicates that He collision gas was not effective for the removal of MoO interferences.
As can be seen in Fig. 1(a) , the best removal efficiency of MoO interferences was obtained with NH3 as the reaction gas, where the MoO/Mo ratio was less than 0.01%. The signal-tobackground (S/B) ratio was calculated and plotted in Fig. 2 . As can be seen in Fig. 2 , the best performance, i.e. the highest S/B ratio, was obtained by using NH3 as the reaction gas. The S/B ratio was up to 300 with NH3 as the reaction gas, which was improved by approximately 30-fold in comparison to the S/B ratio (approximately 10) obtained with He as the collision gas. Using the same type of ICP-QMS/QMS instrument as that used in the present work, Amais et al. 20 reported that O2 was applicable as the reaction gas for the removal of MoO interferences with the measurement of Cd isotopes. The present results indicate that by using NH3 as the reaction gas, the MoO interferences were much more effectively removed with sensitivity to Cd better than that obtained with O2 gas, providing the best performance for Cd measurement. Therefore, NH3 was selected as the reaction gas for the measurement of Cd in the following experiment.
Removal mechanism for O2 and NH3 as the reaction gas
The above experiment showed that NH3 gas is more effective than O2 gas as the reaction gas for the removal of MoO + spectral interferences with the measurement of Cd + isotopes. A further experiment was carried out to understand the mechanism for removal of MoO + in an ORC system by NH3 gas and O2 gas, respectively. A standard solution of 10 mg L -1 Mo in 0.3 mol L -1 HNO3 was used to check the product ions of MoO + in the ORC system. The m/z of the first QMS was set to 114 to permit the passing of 98 Mo 16 O + ; after passing through the ORC system (NH3 gas and O2 gas as the reaction gas, respectively), the product ions with m/z of 2 to 260 was measured at the second QMS. The results are plotted in Figs. 3(a) and 3(b) . It can be seen in Fig. 3(a) that the major product ions were 98 Mo 16 O2 + observed at m/z of 130 when O2 gas was used as the reaction gas, which agreed with an earlier report. 16 By contrast, the major product ions in Fig. 3 
O2
+ when O2 was used as the reaction gas. By contrast, when NH3 was used as the reaction gas, regeneration of 98 Mo 16 O + almost did not occur because there was not any provider for enough oxygen species in the ORC system. Effective removal of MoO interferences might be obtained by using H2 from the viewpoint of removing oxygen species in the ORC system. 22 NH3 was selected and investigated as the reaction gas in the present work considering the fact that the molecular weight of NH3 (17 Da) is much larger than that of H2 (2 Da) and could provide a relatively higher collision/reaction opportunity in the ORC. Furthermore, NH3 is more chemically reactive than H2, so that the best removal rate could be obtained with a relatively lower gas flow rate (NH3, <0.5 mL min -1 ; H2, >5 mL min -1 ).
Dilution of the sample to obtain the best sensitivity for analysis of seawater
A preliminary test was carried out to check the matrix effect of seawater on the measurement of Cd, for which the signal intensity of 1 ng mL -1 Cd added into the seawater sample was compared with that of 1 ng mL -1 Cd in 0.3 mol L -1 HNO3. The results showed that the signal intensity of Cd in seawater was supressed by approximately 75% compared to that in 0.3 mol L -1 HNO3.
Furthermore, the analysis of 1 ng mL -1 of Cd in 0.3 mol L -1 HNO3 was performed before and after continuous analysis of 10 seawater samples to check the stability of the 114 Cd signal. The results showed that the signal intensity decreased by approximately 20% after the analysis of 10 seawater samples.
Dilution of seawater sample was investigated to obtain an optimum condition to reduce the signal suppression by seawater sample and to reduce the salt content load to the ICP-QMS/ QMS instrument for a more stable analysis. Diluted seawater sample solutions were obtained with a dilution factor of 1.0, 2.0, 2.5, 3.0, 3.5, and 4.0, respectively. Another set of sample solutions with these dilution factors were added with 1 ng mL -1 of Cd. The signal intensities corresponding to 1 ng mL -1 of Cd were calculated as the difference of the signal intensities of 114 Cd observed for each pair of diluted samples (standard-added sample and initial sample) with the same dilution factor. The results of relative signal intensity of 114 Cd were plotted in Fig. 4 , where the relative signal intensity was calculated as the ratio of the signal intensity of 1 ng mL -1 of Cd in each diluted seawater sample to that in 0.3 mol L -1 HNO3. It can be seen from Fig. 4 that the relative signal intensity of 114 Cd increased gradually when the dilution factor increased from 1.0 to 3.0, while the relative signal intensities obtained with a dilution factor of 3.0, 3.5, and 4.0 were almost equivalent taking into consideration the standard deviation of measurement. As a higher dilution factor resulted in the decrease of absolute signal intensity in the initial sample, a dilution factor of 3.0 was applied to make seawater samples for the measurement in the following experiment. Decrease of 114 Cd signal intensity was not observed after over 10 measurements of diluted seawater sample with a dilution factor of 3.0.
The background signal intensity was obtained by introducing 0.3 mol L -1 HNO3. The background equivalent concentration (BEC) of Cd was 0.00037 ng mL -1 , while the signal suppression factor (0.47) was considered. The lower limit of detection (LLD) of Cd measured at 114 Cd was 0.0002 ng mL -1 , corresponding to 3-fold of the standard deviation of the background signal intensity.
Analytical results of Cd in seawater reference material and seawater sample
The concentration of Cd in two CRMs from NRC was determined with the present method in order to verify its validity. Calibration of Cd in the sample was carried out by standard addition to cancel the matrix effect. The results are plotted in Fig. 5 The combined uncertainty of analytical results could be calculated taking into consideration the standard uncertainty of each factor in Eq. (1) . The budgets of the uncertainty for the measurement of Cd in coastal seawater from Kashima Bay are representatively summarized in Table 2 . It can be seen that the major contributions to the combined uncertainty (uc) were from the reproducibility of measurement (43.5%), the measurement of the Rsmp (44.5%), and the measurement of Radd (10.2%). It is noted that the expanded uncertainty of the measurement of Cd at the 0.03 ng mL -1 level in seawater was approximately 10% with the present method, which is acceptable for the measurement of Cd at such low concentration.
The analytical figures of merit of the present work was compared with other reports for direct analysis of seawater by ICP-MS. The comparison is summarized in Table 3 . It can be seen that the BEC and the LLD were close to or better than those obtained by an HR-ICP-MS after 1:5 or 1:10 dilution. [2] [3] [4] The uncertainty of measurement obtained in the present experiment was better than or comparable to those obtained by the HR-ICP-MS. 2, 4 The work of Ferrarello et al. 3 reported a standard deviation of 0.001 ng mL -1 , which might have been underestimated (in comparison to the value of LLD). Since the uncertainty of measurement obtained by a mix-gas ICP-MS 5 was given as the standard deviation, it is reasonable to estimate that the expanded uncertainty of measurement should be approximately 0.002 ng mL -1 .
Therefore, the expanded uncertainty obtained in the present experiment was comparable Cd on the dilution factor of the sample. to that obtained by the mix-gas ICP-MS, too. The LLD values obtained by electrothermal vaporization ICP-MS 6 were 0.0041 and 0.0048, higher than that obtained in the present work by approximately 20-fold, which might limit the improvement of analytical precision and accuracy. It should be pointed out that the concentrations of Cd obtained by Field et al., 2 Makonnen et al., 5 and the present work as shown in Table 3 were almost identical to one another despite the fact that different samples were measured.
It is notable that the analysis using HR-ICP-MS 2-4 was carried out after 1:5 or 1:10 dilution of the seawater sample, which could be attributed to the limited tolerance to high salt content introduction to the plasma. By contrast, seawater sample after 1:3 dilution could be analyzed in the present work, which could be attributed to the application of the HMI unit along with flow injection, both contributing to the suppression of salt loading to the plasma.
Conclusions
Cd at lower order pg mL -1 level could be determined by standard addition ICP-QMS/QMS without pretreatment such as solid phase extraction. The HMI of the instrument permitted the direct introduction of seawater sample without clogging the cones. The seawater samples were diluted with a factor of 3.0 to reduce the salt content load to the ICP-QMS/QMS and to obtain a stable measurement of Cd in seawater. The ORC system with NH3 gas as the reaction gas helped to effectively remove the polyatomic interferences from Mo contents in seawater. The validity of the method was confirmed by analyzing two seawater CRMs, i.e. NASS-5 and NASS-6. Cd in a coastal seawater from Ibaraki Prefecture was determined, results of which showed that Cd contamination was not observed.
The present method should find additional applications in the near future. 
